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ABSTRACT
The Correlation Between Spectral Moment Measures and Electropalatometric
Contact Patterns for /t/ and /k/
Janelle Barrett
Department of Communication Disorders, BYU
Master of Science
Spectral moment analysis has helped further our understanding of the spectral properties
of obstruent speech production; however, the physiologic correlates of these spectral measures
are not well understood. The aim of the present study was to examine the possible correlations
between the linguapalatal contact patterns used to produce the stops /t/ and /k/ and the resulting
spectral characteristics. Using spectral moment analysis and electropalatography, the real-word
productions of eight speakers of American English were investigated. The spectral measures for
the stop consonant tokens in the present study were found to be similar to data reported in
previous research with adult speakers. The majority of the correlations examined in this study
were found to be statistically insignificant, although significant correlations were found between
the anterior vertical and posterior vertical indices with spectral variance and spectral skewness,
respectively. Despite the significance of these correlations, this did not account for a large
proportion of variance in the data. Further analysis using curve estimates revealed significant
curvilinear relationships among the data. These findings may indicate that although the anteriorposterior tongue placement and symmetry of linguapalatal contact contribute to the spectral
signature of /t/ and /k/ stop consonants, this articulatory movement is only part of a more
complex process that may involve aerodynamic factors and the overall shape of the vocal tract.

Keywords: spectral moments, electropalatography, obstruents

ACKNOWLEDGMENTS
I would like to offer many sincere thanks to all of those who offered their support, help,
and advice throughout the completion of this thesis. First to Dr. Nissen, whose knowledge and
expertise were invaluable during every step of the research process. I truly appreciate his help
and patience as a mentor. The members of my committee, Dr. Dromey and Dr. Channell, have
also contributed wonderful insights and suggestions that pushed this project to be the very best it
could be. I would next like to thank Benjamin Marshall for the long hours he dedicated to the
project, and for being the driving force behind its completion. My dear sister Kaylene has
graciously passed on many words of wisdom as my personal mentor in all aspects of life,
including and especially during my graduate studies. Also, to my parents I give my deepest
gratitude—for their loving reminders that I can accomplish anything I set my mind to. Finally, I
thank my Heavenly Father for the many tender mercies and answered prayers I have received
throughout my graduate school experience.

iv
TABLE OF CONTENTS
Table of Contents ........................................................................................................................... iv
List of Tables ...................................................................................................................................v
List of Figures ................................................................................................................................ vi
Introduction ......................................................................................................................................1
Methods............................................................................................................................................8
Participants ...........................................................................................................................8
Stimuli ..................................................................................................................................8
Procedures ............................................................................................................................9
Data Analysis .......................................................................................................................9
EPG Regions and Indices.......................................................................................10
Reliability of the Measures ....................................................................................14
Results ............................................................................................................................................15
Parametric Bivariate Correlations ......................................................................................18
Alveolar Stops ........................................................................................................18
Velar Stops .............................................................................................................18
Curve Estimates .................................................................................................................21
Alveolar Stops ........................................................................................................21
Velar Stops .............................................................................................................25
Discussion ......................................................................................................................................25
References ......................................................................................................................................30
Annotated Bibliography .................................................................................................................34
Appendix – Informed Consent Document .....................................................................................44

v
LIST OF TABLES
1. Means and Standard Deviations of Spectral Moment Measures for /t/ and /k/ Productions .....16
2. Means and Standard Deviations of Anteroposterior Indices and Symmetries for /t/ ................16
3. Means and Standard Deviations of Anteroposterior Indices and Symmetries for /k/................17
4. Correlations between Spectral Moments and EPG Indices for /t/ Productions .........................19
5. Correlations between Spectral Moments and EPG Indices for /k/ Productions ........................20

vi
LIST OF FIGURES
1. Regions of the Pseudopalate ......................................................................................................11
2. Anteroposterior Indices of the Pseudopalate .............................................................................12
3. Example Anteroposterior Indices of the Pseudopalate for /t/ ....................................................13
4. Curvilinear Relationships for Spectral Mean and Anteroposterior Medial Index .....................22
5. Curvilinear Relationships for Spectral Variance and Anteroposterior Distal Index..................23
6. Curvilinear Relationships for Spectral Skewness and Anteroposterior Distal Index ................24

vii

DESCRIPTION OF STRUCTURE AND CONTENT

The body of this thesis is written as a manuscript suitable for submission to a peerreviewed journal in speech-language pathology. An annotated bibliography is presented
following the reference section.

Correlation between SMA and EPG

1
Introduction

Spectral moment analysis (SMA) is used by scientists to examine the patterns of acoustic
energy found in a number of different speech sounds. This type of analysis is conducted with the
aim of quantitatively describing the patterns of spectral energy within the band of noise
characteristic of obstruent sounds. Although the acoustic signals that transmit speech can be
highly variable across an individual speaker’s different productions of a specific phoneme,
researchers have found that when analyzed appropriately, distinct patterns can be found (Forrest,
Weismer, Hodge, Dinnsen, & Elbert, 1990; Forrest, Weismer, Milenkovic, & Dougall, 1998; Fox
& Nissen, 2005; Jongman, Wayland, & Wong, 2000; Miccio, 1996; Nissen, 2003; Nissen & Fox,
2005; Nissen & Fox, 2009; Nittrouer, 1995).
SMA is modeled on statistical analyses that use numerical distributions to categorize or
classify perceptually distinct patterns of acoustic energy in the waveform (Nittrouer, 1995).
Spectral moments can be thought of as statistical snapshots of the energy distribution within an
acoustic spectrum, because SMA uses numerical values to describe the spectral energy of a
speech sound within a static window or period of time. There are four primary spectral
moments: spectral mean, variance, skewness, and kurtosis. The spectral mean reflects the
average energy distribution across a specific section of the spectrum. Spectral variance, the
second spectral moment, shows the deviation of frequencies represented in the spectrum, or how
much these frequencies vary in relation to the mean. The third moment describes the skewness
or asymmetry of the noise energy distribution; it is also commonly termed the spectral tilt. Thus,
a positive skewness would suggest a positive tilt with the concentration of energy in the higher
frequencies, whereas a negative skewness would indicate a negative tilt with the concentration of
energy in a lower frequency range. Finally, the fourth spectral moment of kurtosis describes the
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peakedness of the spectral distribution. A high kurtosis value would mean a peaked distribution,
while a low kurtosis value would indicate a relatively flat distribution without clearly defined
peaks in the spectrum (Jongman et al., 2000).
The primary use of SMA is to examine spectral patterns of noise energy within obstruent
speech sounds, including stops, fricatives, and affricates. These sounds are classified as
obstruents due to the partial or total obstruction of air flow through the vocal tract by the
articulators, resulting in the release of noise energy either in the form of turbulence in the case of
fricatives and affricates or a plosive burst in the case of stop consonants. In obstruent sounds,
this noise energy is driven from relatively high intraoral air pressure built up behind the
articulatory constriction. The perceptual identification of obstruent phonemes is largely
dependent on the spectral characteristics of the noise burst or frication. One of the advantages to
SMA is that it provides a quantitative description of the noise energy within a sound segment,
which then can be used to classify an obstruent sound based on its acoustic characteristics
(Forrest et al., 1990; Forrest et al., 1988; Fox & Nissen, 2005; Jongman et al., 2000;
Miccio, 1996; Nissen, 2003; Nissen & Fox, 2009; Nittrouer, 1995).
Findings obtained through spectral moment analysis have generally focused on three
different areas of investigation: feature classification, child development, and the assessment of
disordered speech production. SMA primarily lends itself to classifying specific features of
phoneme production based on spectral characteristics. Such features include place of articulation
and vowel context, which can be quantitatively described by changes in spectral moment
measures (Forrest et al., 1988; Jongman et al., 2000; Nissen & Fox, 2005). Specifically, Forrest
et al. (1988) found labial and alveolar stops are distinct in terms of spectral mean and skewness,
while velar stops are distinguished by the measure of spectral kurtosis. All four spectral
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moments have been used as a means to identify four places of fricative production (labiodental,
interdental, alveolar, and palatal) despite variations in speaker, vowel context, and voicing
(Jongman et al., 2000). In a more recent study conducted by Nissen and Fox (2005), spectral
variance was the only spectral moment measure to correctly classify these four places of
voiceless fricative articulation. These studies give strong evidence that spectral moment
measures are associated with articulatory patterns of constriction in the vocal tract.
Researchers have also used SMA to examine the development of obstruent production in
children. Nittrouer, Studdert-Kennedy, and McGowan (1989) and Nittrouer (1995) found that
children’s ability to produce phonemic contrasts between different stops or fricatives continues
to become more precise as they mature into adolescence. Using SMA, researchers have
concluded that obstruent sound productions are developed at different rates as a function of the
place of articulation and the gender of the speaker (Nissen & Fox, 2005, 2009; Nittrouer, 1995).
Considering the age of the speakers examined and the likely absence of anatomic dimorphism of
the vocal tract structures, it was suggested that sex-specific differences in the SMA results were
associated with learned or behavioral factors (Fox & Nissen, 2005; Nissen & Fox, 2009).
SMA has also contributed to current knowledge regarding the assessment of disordered
speech production. This type of analysis has been used to identify errors in tongue placement
that may not be easily described through visual or auditory means (Miccio, 1996; Nissen, 2003).
A study conducted by Forrest et al. (1990) investigating the speech of children with a
phonological disorder found that SMA could be used to identify a phonological contrast at an
early stage of development, prior to when the clinician could detect a difference perceptually.
Findings from studies that use SMA have provided insight into the acoustic properties of
obstruent speech production; however, one drawback to this type of analysis has been a lack of
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understanding of the physiologic mechanisms that underlie differences in various spectral
characteristics. Unlike vowel formant frequencies, which can be directly associated with tongue
height and advancement during articulation, spectral moments have yet to be empirically
correlated with a specific constriction or shape of the vocal tract. Although some researchers
have speculated that differences in the spectral mean are related to an advancement or retraction
of the stop consonant or fricative constriction, thereby creating a smaller or larger anterior
resonating cavity, a direct correlation has yet to be established (Nissen & Fox, 2009;
Nittrouer, 1995).
For obstruent sounds, the effect that slight changes in the placement or shape of the
articulators have on the various spectral moment measures is not well understood, nor is it
known if such associations are linear in nature. The principle of motor equivalence, otherwise
known as equifinality, allows for slight variability in the way a sound is physiologically
produced while remaining perceptually equivalent (Kelso & Tuller, 1983). This theory considers
the role of sensory feedback in speech motor control as well as individual compensatory abilities
when speech perturbations are present (McFarland & Baum, 1995). Such variations in physical
movement supported by the theory of motor equivalence are not necessarily associated with their
acoustic features in a linear fashion. The Quantal Nature of Speech by Stevens (1972) asserts
that for some sound productions a small kinematic change will result in a large change in the
acoustic output, while for other productions a substantial change in articulation result in a
relatively minor difference in the acoustic characteristics of the sound. The extent to which
physical and acoustic characteristics are linearly correlated may relate back to the place of
articulation, and degree of constriction within the vocal tract. It appears that some phonemes
contain a wide range of acoustic features that allow for the same perceptual result and are quite
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resilient to perturbation, while other phonemes have a narrow range of acceptable variations to
maintain its linguistic meaning (Stevens, 1972). Additional research is needed to more clearly
understand the associations between the patterns of vocal tract constriction and the acoustic or
spectral patterns of the resulting sounds. In particular, further examination into the link between
obstruent articulation and the spectral features described by SMA would be of value (Nissen &
Fox, 2005, 2009).
One method of examining the points of constriction which influence changes in spectral
characteristics is electropalatography (EPG). This system of visually representing tongue-topalate contact patterns allows for information to be gathered for articulatory contact patterns
otherwise blocked by the teeth and lips from visual observation. Historically, palatography used
black powder, charcoal, or ink to track the tongue-to-palate contact patterns (Ladefoged, 1957;
Moses, 1940). However, these studies were difficult to conduct on multiple instances of sound
production and did not provide a continuous view of tongue to palate contact over time (Moses,
1940). In 1975, Fletcher, McCutcheon, and Wolf developed an EPG system that used a
pseudopalate containing a series of electrical sensors. The pseudopalate was a plastic mold
approximately 1-2 mm thick shaped from a stone cast of the speaker’s upper teeth and palate.
Each pseudopalate was fitted with 48 sensors to detect tongue contact against the palate. The
sensors carried data through wires into a computer system, which would then display a
continuous stream of contact patterns through a light emitting diode (LED) display. Dynamic
data on linguapalatal contact patterns could then be viewed in real time and recorded for later
playback (Fletcher et al., 1975).
A number of studies have used EPG technology to examine variability in typical speech
production and the possible influence of a speaker’s age and gender (Butcher, 1989; Dagenais,
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Lorendo, & McCutcheon, 1994; Fletcher, 1989; Gibbon & Nicolaidis, 1999; Hardcastle, Gibbon,
& Nicolaidis, 1991). The large amounts of temporal-spatial data extracted by EPG have
prompted researchers to create regional indices of palate contact for use in quantitative analysis.
These indices, such as the asymmetry index or center of gravity (COG) index, divide up the area
of the palate into regions or zones of contact. The asymmetry index reflects the extent to which
tongue contact is asymmetric, and the COG index was devised to focus on the main
concentration of activated electrodes across the palate (Gibbon & Nicolaidis, 1999; Hardcastle et
al., 1991). These numerical indices have allowed researchers to use EPG data to draw
conclusions on the nature of speech production and its physical properties. Although most EPG
research has focused on consonant production, some studies have also investigated the contact
patterns associated with vowel production (Dagenais et al., 1994; Recasens, 1991).
EPG technology has also been used in clinical settings for the treatment of a variety of
communication disorders. When working with children with developmental speech difficulties,
EPG data can inform speech pathologists’ decisions about the need for speech therapy services,
the nature of short and long term goals, and how clients are progressing in therapy (Carter &
Edwards, 2004; Dagenais, 1995; Dent, Gibbon, & Hardcastle, 1995; Morgan & Barry, 1989;
Schmidt, 2007). As an assessment tool, EPG can be used to identify the articulatory basis for
misarticulated sounds, especially those sounds that are difficult for the clinician to directly
observe (Dagenais, 1995; Sanders, 2007).
In addition, EPG has been used to evaluate speech production in a number of acquired
deficits in communication, such as Parkinson’s Disease (McAuliffe, Ward, & Murdoch,
2006a, 2006b), dysarthria secondary to traumatic brain injury (Kuruvilla, Murdoch, &
Goozee, 2008), apraxic speech (Bartle-Meyer, Murdoch, & Goozee, 2009; Hardcastle &
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Edwards, 1992; Southwood, Dagenais, Sutphin, & Garcia, 1996), or following partial
glossectomy (Fletcher, 1988; Suzuki, 1989). EPG has also been used by speech language
pathologists to evaluate the tongue’s involvement in the stages of swallowing (Chi-Fishman &
Stone, 1996; Chi-Fishman, Stone, & McCall, 1998). In particular, it has been used to assess the
functional role of tongue movements for swallowing in individuals with a cleft palate disorder
(Horn, Kuhnast, Axmann-Krcmar, & Goz, 2004; Ohkiba & Hanada, 1989).
SMA and EPG research provide insight into the complex process of speech production;
however, the studies to date have typically been conducted in isolation. Additional research is
needed to explore the correlations between acoustic and EPG data (Hardcastle et al., 1991;
Hardcastle & Gibbon, 1997; Nissen & Fox, 2009). A recent study by Bennett (2009) aimed to
link these two areas of speech analysis. SMA and EPG data were collected from twenty adult
speakers and temporally aligned for analysis and correlation. Overall, Bennett found relatively
weak correlations between the two sets of data. However, on an individual speaker basis, some
cases showed significant correlations between tongue contact patterns and spectral mean and
variance. Bennett suggested that a lack of correlation between the measures may have been due
to a temporal misalignment between the two sets of data or a lack of specificity in the zones or
indices used to quantify the electropalatometric patterns. The author concluded that a more
focused analysis of the EPG and SMA data may allow a better understanding of these
correlations (Bennett, 2009).
Thus, the purpose of the present study is to build upon the efforts of Bennett (2009) by
further examining possible correlations between the spectral characteristics of obstruent
productions and the underlying movements of the articulators by utilizing SMA and EPG.
Specifically, this study will aim to correlate the four spectral moment measures (mean, variance,
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skewness, kurtosis) with the associated anteroposterior and symmetry indices of
electropalatometric contact patterns for the typical production of /t/ and /k/.
Methods
Participants
Eight adult speakers participated in the study, all of whom were native speakers of
American English and reported no history of a speech or language disorder. All subjects were
required to pass a hearing screening prior to data collection to verify pure tone air conduction
thresholds of 25 dB HL or better at 500, 1000, 2000, 4000, and 6000 Hz, bilaterally. If a speaker
displayed signs of poor vocal health (e.g., cold, hoarseness, etc.), the recording session for that
individual was postponed until a later date. Although eight speakers participated in the study,
data from one subject was not included in the statistical analysis due to inconsistencies found in
the function of the EPG sensor array.
Stimuli
The following four types of speech samples were elicited from each participant using a
counter-balanced protocol: (a) reading passages several paragraphs in length (e.g., rainbow
passage), (b) sentences constructed to target specific consonant sounds (e.g., The cat ate the top
of the cake), (c) real and nonsense words and (d) individual phoneme productions. Targeted
sounds included /t, k, s, ʃ, r, l, g, d, z, ʤ, ʧ, ʒ/ in initial, medial and final word position. Each of
the targeted sounds were produced within four different vowel contexts using the corner vowels
/i, æ, ɑ, u/. Although a large amount of speech was collected, samples containing the consonant
sounds /t/ and /k/ were the focus of the present study.
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Procedures
Each participant had a dental impression made by a licensed orthodontic technician.
Using this impression, a stone cast of the teeth and palate was made from which the pseudopalate
with an applied circuit was created to fit the individual. Prior to data collection, participants
were instructed to brush their teeth and use mouth wash before wearing the pseudopalate to
prevent any interference in fit and tongue-to-palate contact (Sanders, 2007). Data were collected
during seven separate sessions of approximately one hour in duration. The first two sessions
involved baseline audio recordings targeting consonant production without the placement of the
pseudopalate. At the beginning of each subsequent session, the participant was given 20 minutes
of conversation time to adjust to the presence of the pseudopalate before data collection began.
Sessions of data collection were comprised of the various stimulus tasks with intermittent five
minute breaks to allow for further articulatory adjustment. EPG data were then transferred to a
local computer via USB connection, and simultaneous audio recordings were collected as a
backup reference to the sound files connected to the EPG data. All recordings were sampled at a
rate of 44.1 kHz with a quantization of 24 bits. All elicitation, recording, and acoustic analysis
of stimuli were facilitated by custom designed computer programs (Matlab).
Data Analysis
Using a waveform display, the onset and offset of target consonant productions were
identified assisted by spectrographic inspection in Adobe Audition. A sharp increase in diffuse
noise energy and sudden increase in zero crossings identified the onset of the stop burst, and a
sharp decrease in diffuse noise energy identified the offset of the stop burst. Time values of
segmentation (in ms) were recorded into a text file and subsequently checked, corrected and rechecked using a Matlab program to identify any outliers in the data.
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All speech samples had a high-pass filter applied with a frequency limit of 70 Hz. Each
of the four spectral moments—mean, variance, skewness, and kurtosis—were then computed for
a 20 ms segment of the waveform immediately following the release of the stop burst. The
spectral moments were calculated according to the computational algorithms described in
previous studies (Fox & Nissen, 2005; Jongman et al., 2000; Nissen & Fox, 2005, 2009).
Spectral measures were taken with a cap on the higher frequencies, which were limited to 15
kHz. This frequency cap served the purpose of limiting the influence of high frequency noise
which could affect the spectral moment measures.
The spectral moment measures were then correlated to a corresponding EPG contact
pattern. The EPG data were obtained by averaging the contact sensor data across a 40 ms period
of time immediately preceding the release of the stop burst. Specific quantitative indices were
developed to allow for computation of correlation with the spectral moment data. Descriptive
statistics, Pearson’s r correlations, and curve estimates were used to evaluate associations
between the spectral moment and EPG data.
EPG Regions and Indices
As shown in Figure 1, the pseudopalate was divided into six separate regions: front,
central, right/left anterior, and right/left posterior. For the four anterior and posterior regions,
anteroposterior indices were calculated based on the numerical value assigned to each row of
electrode sensors, as shown in Figure 2. The palate midline was assigned a zero value, and each
row above and below the midline was assigned a consecutive positive or negative integer,
respectively. From these anteroposterior indices, the anterior placement and left/right symmetry
of the tongue to palate constriction was calculated for the EPG window of analysis. An example
contact pattern for /t/ is shown in Figure 3 along with the associated anteroposterior index values.
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The medial margin of linguapalatal contact for /t/ was identified by calculating the percent of
electrode activation in each row, starting with the transverse midline moving anteriorly. Once
50% activation in a single row was found, the corresponding row number was assigned to the
Anteroposterior Medial Index. The contact pattern in Figure 3 would therefore indicate a value
of 3 for this index. Next, the distal margin for /t/ was identified by calculating percent activation
of each row starting with the distal border of that region, moving medially. The example in
Figure 3 displays the distal margin as row 5, which then assigns a value of 5 to the
Anteroposterior Distal Index. Next, the Anteroposterior Contact Distance Index was obtained by
subtracting the medial margin from the distal margin to indicate the number of sensor rows
activated during tongue contact. In Figure 3, the medial margin of 3 was subtracted from the
distal margin of 5 to provide the value of 2 to indicate that linguapalatal contact covered a
distance of two rows. Anteroposterior indices for /k/ were obtained in a similar way, except as a
mirror image of /t/, with the medial margin of linguapalatal contact more anterior and the distal
margin of linguapalatal contact more posterior. In addition to the anteroposterior indices,
lateral symmetry indices for both /t/ and /k/ were calculated as a ratio of left/right anteroposterior
skewness. A positive ratio indicated that tongue placement occurred more anteriorly within the
right anterior region. Lastly, absolute symmetry was obtained as an indicator of overall left/right
symmetry.
Reliability of the Measures
To examine the reliability of the segmentation points of the targeted speech samples, 10%
of the speaker productions were selected and analyzed again by a graduate student research
assistant. This set of additional segmentation points was extracted and recorded in the same
manner as the original measures. Comparisons of the two sets of data resulted in a Pearson
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correlation of 0.99, with a mean absolute difference in segmentation of approximately 2 ms. Due
to the inter-rater differences between the two sets of segmentation points and to avoid possible
spectral interference from neighboring sounds, data from the initial and final two analysis
windows were not included in the statistical analysis.
Results
Descriptive statistics of the mean and standard deviation for each of the four spectral
moments were obtained for /t/ and /k/. The specific values of the spectral moment analysis are
found in Table 1. An analysis of variance conducted for initial versus final word position
differences was not found to be statistically significant. Therefore, all tokens for /t/ and /k/
respectively were analyzed as a whole. EPG results for /t/ were extracted from the left and right
anterior regions of the palate, while the results for /k/ were taken from the left and right posterior
regions. Anterior and posterior symmetry measures were also calculated for /t/ and /k/,
respectively. Full listings of these results can be found in Tables 2 and 3. As expected, the
comparison of these indices indicates a narrower anterior to posterior distance for placement of
/t/ (1.27 sensor rows) as compared to placement of /k/ (4.32 sensor rows). Generally, the
placement of both /t/ and /k/ were found to be fairly symmetrical, although both measurements
reflect a slight anterior skewness to the left.
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Table 1
Means and Standard Deviations of Spectral Moment Measures for /t/ and /k/ Productions
/t/

Spectral Meana
Spectral Varianceb
Spectral Skewness
Spectral Kurtosis

/k/

Mean

SD

Mean

SD

4.65
4.17
.08
3.79

1.06
3.47
1.75
12.51

3.39
10.07
-1.03
-.13

.95
4.24
.86
2.35

Note. aMeasured in kilohertz; bmeasured in megahertz.

Table 2
Means and Standard Deviations of Anteroposterior Indices and Symmetries for /t/
/t/

Anteroposterior Medial Margina
Anteroposterior Distal Margina
Anteroposterior Contact Distancea
Lateral Symmetry
Absolute Symmetry
Note. aMeasured in number of sensor rows.

Mean

SD

3.8
5.65
1.27
-.08
.24

1.02
1.08
1.17
1.03
.58
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Table 3
Means and Standard Deviations of Anteroposterior Indices and Symmetries for /k/
/k/

Anteroposterior Medial Margina
Anteroposterior Distal Margina
Anteroposterior Contact Distancea
Lateral Symmetry
Absolute Symmetry
Note. aMeasured in number of sensor rows.

Mean

SD

-2.04
-6.36
4.32
-.14
.64

1.37
1.24
1.70
1.06
.85
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Parametric Bivariate Correlations
A series of Pearson bivariate correlations were computed for each of the four spectral
moments with the anteroposterior and symmetry indices for the anterior and posterior regions of
the palate, as displayed by the EPG contact patterns. The r correlations, p-values, and sample
sizes for the /t/ and /k/ tokens are listed in Tables 4 and 5, respectively. Considering the number
of different correlations calculated in this analysis, a Bonferroni approach was used to control for
Type I errors, with a p-value of less than .001 required for significance. Although the majority
of the correlations were found to be insignificant, those correlations accounting for any level of
significant variation in the data are discussed below.
Alveolar stops. Of the five anterior indices, only the anteroposterior distal measure was
found to have significant correlations with spectral moment measures. The anteroposterior distal
index had significant correlations with spectral variance, r (298) = .235, p < .001, and spectral
skewness, r (298) = -.222, p < .001. The anteroposterior distal index measured the most distal
placement of the tongue along the alveolar ridge, suggesting that the tongue’s precise placement
behind the central incisors can influence spectral variance and spectral skewness. No other
correlations between SMA and EPG data for /t/ were found to be significant.
Velar stops. Only one posterior index was found to have significant correlations with
spectral moment measures. The anteroposterior contact distance index, which measures the
vertical length of tongue contact, was found to be significantly correlated with spectral variance,
r (388) = -.231, p < .001, and spectral skewness, r (388) = .192, p < .001. No other SMA and
EPG correlations for /k/ were significant.
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Table 4
Correlations between Spectral Moments and EPG Indices for /t/ Productions
______________________________________________________________________________
Spectral Moment Measures
_________________________________________________________
EPG Indices
Mean
Variance Skewness Kurtosis
______________________________________________________________________________
Anteroposterior Medial Margin (N = 298)
r-correlation
p-value

.067
.249

.016
.789

-.036
.534

-.024
.677

Anteroposterior Distal Margin (N = 298)
r-correlation
p-value

.026
.650

.235*
.001

-.222*
.001

-.109
.059

Anteroposterior Contact Distance (N = 435)
r-correlation
-.004
p-value
.931

.043
.370

-.100
.037

-.054
.264

Lateral symmetry (N = 435)
r-correlation
p-value

.025
.601

-.031
.515

-.029
.545

-.018
.713

Absolute symmetry (N = 435)
r-correlation
.054
-.017
-.013
.022
p-value
.262
.717
.787
.654
______________________________________________________________________________
Note. *p < 0.001, 2-tailed.
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Table 5
Correlations between Spectral Moments and EPG Indices for /k/ Productions
______________________________________________________________________________
Spectral Moment Measures
_________________________________________________________
EPG Indices
Mean
Variance Skewness Kurtosis
______________________________________________________________________________
Anteroposterior Medial Margin (N = 388)
r-correlation
p-value

-.126
.013

-.152
.003

.147
.004

-.073
.149

Anteroposterior Distal Margin (N = 388)
r-correlation
p-value

-.135
.008

.148
.003

-.101
.047

.067
.188

Anteroposterior Contact Distance (N = 388)
r-correlation
-.003
p-value
.946
Lateral symmetry (N = 388)
r-correlation
p-value

.033
.520

-.231*
.001

.192*
.001

-.108
.033

.044
.389

.058
.254

-.008
.870

Absolute symmetry (N = 388)
r-correlation
-.025
.123
-.078
.054
p-value
.618
.015
.123
.287
______________________________________________________________________________
Note. *p < 0.001, 2-tailed.
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Curve Estimates
The parametric bivariate correlations revealed very few significant linear relationships
between the SMA and EPG data. Therefore, in order to discover any possible curvilinear
relationships between the SMA and EPG data, curve estimation regression analyses were used to
see whether a cubic or quadratic equation would provide the best fit. The quadratic equation
uses the values of beta coefficients in the following formula: y = b0 – b1x – b2x2. This would
characterize the relationship between SMA and EPG as being parabolic, as opposed to linear.
Such a relationship could account for variables having a positive relationship, for example, but
perhaps only to a certain point. Further analysis can then reveal whether such a curvilinear
variation in the data is significant. In this way, the relationships between SMA and EPG can be
better understood, especially given the understanding that spectral moment and motor speech
patterns are not well described by linear correlations alone (Stevens, 1972). Analyses using the
cubic model were not considered. Upon visual inspection of data curves, it was determined that
any significant correlations based on the cubic model were attributable to data outliers.
Alveolar stops. Three curvilinear relationships were found between SMA and EPG data
for /t/. The first of these was between spectral mean and the anteroposterior medial margin
index. Both the quadratic and cubic models were found to be significant within this relationship.
However, outliers in the data are likely to account for the significance of the cubic model. Thus,
the quadratic model for this correlation was found to be significant F(2, 295) = 6.415, p < .002,
and is represented in Figure 4. In addition, there was significance found in the quadratic
relationship between the anteroposterior distal index and spectral variance
F(2, 295) = .090, p < .001, and spectral skewness F(2, 295) = .068, p < .001. These relationships
are represented in Figures 5 and 6, respectively.

Spectral Mean (Hz)

Correlation between SMA and EPG

Anteroposterior Medial Index
Figure 4. Curvilinear Relationships for Spectral Mean and Anteroposterior Medial Index
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Spectral Variance (MHz)
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Anteroposterior Distal Index
Figure 5. Curvilinear Relationships for Spectral Variance and Anteroposterior Distal Index
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Spectral Skewness
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Anteroposterior Distal Index
Figure 6. Curvilinear Relationships for Spectral Skewness and Anteroposterior Distal Index
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Velar stops. No curvilinear relationships between the SMA and EPG data for /k/ were
found to be statistically significant.
Discussion
The purpose of the present study was to examine the possible correlations between
linguapalatal contact patterns used to produce the obstruents /t/ and /k/ and the resulting spectral
characteristics. Spectral moment measures were found to be consistent with data reported in
previous research examining the obstruent production of adult speakers (Forrest et al., 1988;
Nissen, 2003). Correlations between SMA and EPG were found to be significant for the
anteroposterior distal index for /t/ and anteroposterior contact distance index for /k/ with both
spectral variance and spectral skewness, respectively. No other linear correlations were
statistically significant. However, quadratic curve estimates were significant between the
anteroposterior medial index for /t/ and spectral mean and between the anteroposterior distal
index for /t/ and both spectral variance and spectral skewness. Thus, the spectral mean increases
as tongue placement for /t/ moves anteriorly but begins to decrease as the distal margin
approaches the central incisors. Also, the distal margin of the tongue for /t/ positively influences
the spectral variance while it negatively influences the spectral skewness. In general, tokens for
both /t/ and /k/ were found to be nearly symmetrical.
Few of the SMA and EPG correlations, linear or curvilinear, were found to be significant,
with none of the correlations accounting for a large proportion of the variation in the data (rvalues < .24). In agreement with Bennett (2009), these findings indicate that while anterior and
posterior placement of the tongue does contribute to the spectral signature of /t/ and /k/, the true
relationship remains unclear. These contact patterns are only part of a greater complex process
including several other speech, aerodynamic, and voicing mechanisms. EPG technology can
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only reveal linguapalatal contact patterns, and even the data have limited specificity. If the
sensors on the EPG device are not sensitive enough to detect minute changes in placement or
very low pressure contact on the periphery of the articulatory placement, then there may not have
been enough variation in the data to obtain strong correlations between the variables. Strong
correlation values are highly dependent on movement within and between variables in order to
determine any kind of positive or negative relationship, whether linear or curvilinear. Thus,
increased sensitivity of the EPG device may be necessary to accurately capture small yet relevant
changes in the linguapalatal contact patterns. The /t/ and /k/ productions were embedded in a
variety of vowel contexts to elicit coarticulation, in an attempt to elicit variability in the contact
patterns for each type of sound production. However, the physical presence of the EPG device in
the oral cavity may have attenuated or in some cases eliminated the process of coarticulation
between sound segments.
Aside from the limitations of EPG, theories regarding the quantal nature of speech
provide possible explanation of why variations in the data did not result in strong correlations.
While the principle of equifinality allows for large kinematic variations without disrupting
linguistic meaning, researchers have asserted that the same large variations may not result in
significant acoustic differences (Kelso & Tuller, 1983; Stevens, 1972). In this case, a lack of
movement in spectral moment measures would result in weaker correlations. Likewise, the
quantal nature of speech suggests that very small kinematic changes may result in significant
acoustic differences. Whether or not an EPG device could detect these small articulatory
changes, it may not have provided enough movement within the variables to indicate a strong
correlation. The few curvilinear relationships found within the data do reveal to an extent the
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complexity of how these variables relate to each other in a nonlinear fashion. Thus, our results
are consistent with Steven’s theory on the quantal nature of speech (1972).
In addition to linguapalatal contact patterns, aerodynamic pressures are a likely
contributor to spectral characteristics, especially among obstruent consonants. These pressures
cannot be measured by EPG. Additionally, the precise shape of the vocal tract cannot be
monitored by EPG following stop burst release. There are two sensors to indicate lip closure, but
this accounts for little information in relation to the remainder of the vocal tract, especially as
productions of /t/ and /k/ typically do not involve lip closure or rounding. Consequently, length
and shape of the vocal tract, which are only partly determined by tongue placement, can result in
large changes in the frequency distribution of the noise energy. The method of data analysis
used in this study correlated spectral moment measures immediately following stop burst release
with the EPG contact pattern appearing just prior this release. It may be that vocal tract shape
and aerodynamic forces following release of the stop burst have a significant effect on the nature
of the resulting spectral characteristics.
It may also have been the case that the presence of the EPG device caused the speakers to
produce the obstruent productions in an atypical manner. Although each participant was asked
to talk with the pseudopalate in place for a 20 minute adaptation period prior to any data
collection, the device may have continued to cause a significant disruption in their typical speech
motor patterns. The adaptation period prior to data collection was provided in an attempt to
minimize these effects, yet it remains possible that some speakers never entirely adjusted to the
pseudopalate (Aasland, Baum, & McFarland, 2006; Baum & McFarland, 1997). Research
studies examining the adaptation rate for EPG technology have reported varied findings. Flege
(1986) found that after five minutes of adaptation an EPG pseudopalate did not perceptibly
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interfere with speech production. Conversely, researchers have found that some speakers may
not completely adapt to the pseudopalate even after extensive practice (Stone, Faber, Raphael, &
Shawker, 1992; Weaver, 2005). It could be that due to the physical presence of the device,
speakers used alternative mechanisms of production (e.g., lip-retraction) to produce a
perceptually acceptable stop consonant. Articulatory compensation improves after a 15-minute
adjustment period, but complete adjustment would likely take more time (McAuliffe, Lin, Robb,
& Murdoch, 2008; McFarland & Baum, 1995; Weaver, 2005). These results also acknowledge
the variation needed between individuals required for full adaptation. One of the subjects
included in the present study was perceptually observed to have never adjusted to the presence of
the pseudopalate.
The current study did have strengths which built upon the limitations of previous research
(Bennett, 2009). Acoustic samples and EPG contact patterns were reliably time-synchronized.
Statistical analyses were then conducted to account for possible linear and curvilinear
relationships between SMA and EPG indices. The strengths of the current study allowed for
better understanding of complex factors in the correlations between SMA and linguapalatal
contact patterns, despite the lack of strong statistical significance.
Future research may improve upon this study’s current methods in a number of ways.
Electropalatography is a useful research tool, but its limitations may be improved upon as this
technology continues to evolve, or compensated for by combining it with additional
technologies. Using an EPG device that transmits data through lead wires that exit the corners of
the mouth or wirelessly would likely cause less physical interference with typical speech
production. Future research may also involve a technology such as ultrasound, which could
capture the nature of the tongue shape and linguapalatal contact in three dimensions. In addition,
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this area of research would benefit from future studies that use a combination of devices that
could simultaneously capture multiple aspects of the articulatory process, namely vocal tract
shape, aerodynamic pressures, and tongue placement.
The regional indices used in this study were designed to improve upon those used by
Bennett (2009). The indices for the current study were specifically created to describe the
anteroposterior nature of /t/ and /k/ placement. However, the lack of strong correlation between
SMA and index values also reflects the difficulty in assigning quantitative values to the complex
aspects of speech. More sophisticated methods of numerically describing the shape of
linguapalatal contact would be beneficial for future studies. Additionally, correlations between
SMA and EPG indices were not obtained for individual speakers. It was hoped that variation in
linguapalatal contact patterns across speakers would provide more movement between variables
for stronger correlations. Consequently, combining data from all subjects may have resulted in
inconsistencies in contact patterns that may have been significant when analyzed individually. It
is recommended that future studies consider analyses across and within speakers to obtain
correlations in which individual speaker differences will not conflict.
Despite the limitations in the current study previously mentioned, it is hoped that the
findings found in this study will promote greater understanding of the physiologic mechanisms
of obstruent production and the correlation between spectral moment measures and
electropalatographic contact patterns for /t/ and /k/. In addition, it is anticipated that the
methodological insights discussed in this study will facilitate more accurate studies in this area in
the future.
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palate. The system also included LED display of the contact patterns that could be
viewed in real time and recorded for later playback. The authors asserted that the
palatometry system was capable of dynamic measurement of linguapalatal contact and
could be used to study the complex articulations of speech.
Forrest, K., Weismer, G., Hodge, M., Dinnsen, D. A., & Elbert, M. (1990). Statistical analysis of
word-initial /k/ and /t/ produced by normal and phonologically disordered children.
Clinical Linguistics & Phonetics, 4(4), 327-340. doi:10.3109/02699209008985495
Velar and alveolar stop consonants /t/ and /k/ were acoustically analyzed in the speech of
both typically developing and phonologically disordered children. Eight children
participated in the study, four normally articulating and four phonologically disordered
children. Speech samples were collected and only words with initial /t/ or /k/ were used
for acoustic analysis. For the normally articulating children, spectral moment analysis
was able to predict place of articulation with 82% accuracy. This same discriminant
function analysis was then applied to the phonologically disordered children. Three of
the four disordered children’s articulations of /t/ and /k/ could not be determined by
spectral moments. One disordered child, however, had articulations that could be
discriminated by spectral moment analysis although perceptually the articulations were
the same. This proved to be an indicator for this child’s awareness of articulatory
contrasts, whereas the other three disordered children did not display such knowledge of
the /t/ and /k/ contrast. Thus, the authors concluded that spectral moment analysis can
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provide insight into the phonological knowledge possessed by speech disordered
children.
Forrest, K., Weismer, G., Milenkovic, P., & Dougall, R. N. (1988). Statistical analysis of wordinitial voiceless obstruents: Preliminary data. Journal of the Acoustical Society of
America, 84(1), 115-123. doi:10.1121/1.396977
The purpose of the study was to describe a quantitative approach to classifying obstruent
spectra. Such an approach would be beneficial in revealing unique spectral
characteristics found in the three places of stop articulation. This classification of
obstruent spectra may also help to better understand the relationship between a speaker’s
intended phonemes and their resulting vocal tract output. This particular study analyzed
spectral moments of mean, skewness, and kurtosis in obstruent speech sounds /k/, /p/, /f/,
and /t/ in word-initial position where vowel context is not taken into consideration. The
subjects included five males and five females aged 18-31 years. Each subject listened to
an elicitation tape then recorded them saying the target word in a carrier phrase. Spectral
moment analysis showed that labial and alveolar stops were distinct in terms of mean and
skewness, while velar stops were distinguished by their kurtosis. Results showed that
92% of obstruents were correctly identified using linear moments from the first 40 ms of
the VOT interval. The authors concluded that a quantitative procedure could be applied
to the classification of word-initial voiceless obstruents, and were more accurate than
qualitative analysis by sophisticated persons, even without cross-gender normalization.
Fox, R. A., & Nissen, S. L. (2005). Sex-related acoustic changes in voiceless English fricatives.
Journal of Speech, Language, and Hearing Research, 48(4), 753-765. doi:10.1044/10924388(2005/052)
Fricative English sounds were analyzed in the speech of adults and pre-pubescent
children to investigate acoustic sex-related patterns of articulation. Specifically, the
authors focused their research on the pattern of normal development of acoustic
properties for fricative sounds, the age at which these patterns may emerge, and how
effectively an adult model of acoustic patterns could accurately categorize similar
productions in younger children. Fifty males and fifty females ranging in age from 6-52
participated in the study by producing four English fricative sounds all in the word-initial
position. It was found that there were sex-specific differences in fricative articulation of
pre-pubescent children, but that these differences were absent in the youngest children.
The authors concluded that these sex-related acoustic differences cannot be entirely
attributed to anatomical differences, but that learned and behavioral factors contributed to
these patterns.

Correlation between SMA and EPG

38

Gibbon, F., & Nicolaidis, K. (1999). Palatography. In W. J. Hardcastle & N. Hewlett (Eds.),
Coarticulation in Speech Production: Theory, Data, and Techniques (pp. 229-245).
Cambridge: Cambridge University Press.
Both temporal and spatial information on tongue-to-palate contact have been provided
using electropalatography, otherwise known as dynamic palatography. The purpose of the
article was to review current EPG models and techniques, and ways EPG data could be
processed to extract useful information for coarticulation tongue patterns. Many
manufacturers have developed pseudopalates which detect tongue-to-palate contact at
varying frequencies—Kay Elemetrics pseudopalates contain sensors which record at
100 Hz. Phonetic reference zones on the palate have been determined with regard to
areas of contact for certain speech sounds. Use of EPG combined with simultaneous
acoustic or airflow measures could contribute greater understanding to EPG data.
Hardcastle, W. J., & Gibbon, F. (1997). Electropalatography and its clinical applications. In M. J.
Ball & C. Code (Eds.), Instrumental Clinical Phonetics (pp. 149-193). London: Whurr
Publishers.
Electropalatography (EPG) is a clinical and research tool used to observe the dynamic
movements of the tongue during continuous speech. EPG has been used to research
many aspects of articulation and coarticulation in several languages. This technology
could also be useful in assessment and treatment of a variety of speech disorders. The
authors advised that because of the limitations of EPG in detecting tongue-to-palate
proximity or which part of the tongue is creating a speech sound, a multi-channel
approach should be taken to supplement EPG data with aerodynamic data, movement
tracking devices, or acoustic data. EPG as a clinical tool has proven itself to be effective,
and the use of EPG could provide a unique opportunity for researchers to learn more
about the development and complex nature of articulatory patterns.
Jongman, A., Wayland, R., & Wong, S. (2000). Acoustic characteristics of English fricatives.
Journal of the Acoustical Society of America, 108(3), 1252-1263. doi:10.1121/1.1288413
Spectral characteristics of English fricatives were analyzed to compare acoustic cues to
place of articulation. In particular, the authors’ goal was to identify stable acoustic cues
to the place of articulation, the nature of these cues, and their location within the fricative.
Ten male and ten female speakers were recorded saying CVC tokens with the eight
English fricatives in the word-initial position. Spectral properties were analyzed such as
spectral peak location, spectral moments, and relative amplitude of frication. Results
indicated that several spectral and amplitude measures provided the critical information
to place of articulation in fricatives. In particular, spectral peak location and the four
spectral moments served to distinguish all four places of articulation. Also, both
normalized and relative amplitude measures were consistent cues to place of articulation
in fricatives, while F2 transition properties and noise duration were not. It was concluded
that acoustic properties could provide information about all four places of fricative
production despite variation in speaker, vowel context, and voicing.
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Kelso, J. A. S., & Tuller, B. (1983). Compensatory articulation under conditions of reduced
afferent information: A dynamic formulation. Journal of Speech and Hearing Research,
26(2), 217-224.
The speech phenomenon known as motor equivalence was analyzed through methods
requiring subjects to use compensatory articulation. Four females and one male subject
underwent oral topical anesthesia as well as a bite block which prevented movement of
the mandible. Also, subsequent trials were conducted with the presence of masking noise
to reduce auditory feedback in self-monitoring. Data were collected on pronunciation of
the vowels /i, ɑ, u/ in isolation, in a CVC context, and within a carrier phrase. Thus, the
study observed the role of auditory and somesthetic information in immediate adjustment
of articulation. Results showed that articulatory compensation appeared to occur
immediately with little or no practice. Based on muscle groupings which exhibited
behaviors similar to a mass-spring system, muscle coordination was self-equilibrating
and the target could be achieved despite various initial conditions.
Ladefoged, P. (1957). Use of palatography. Journal of Speech and Hearing Disorders, 22(5),
764-774.
An overview was provided of two palatography systems. The first described was the use
of black powder sprayed to the upper teeth and hard and soft palates to then photograph
the impression left by an articulatory movement. The second was the use of a false palate
which was sprayed with the same black powder to achieve the same result, minus the
added convenience of removing the false palate for examination. From these data,
information could be derived on the various shapes of the vocal tract during speech
production, although it was difficult to correlate physical and phonetic data.
McAuliffe, M. J., Lin, E., Robb, M. P., & Murdoch, B. E. (2008). Influence of a standard
electropalatography artificial palate upon articulation. Folia Phoniatrica et Logopaedica,
60(1), 45-53. doi:10.1159/000112216
Three adult females participated in a study which observed the effects of an EPG palate
on speech articulation. Perceptual and acoustic data were taken and analyzed at three
points: normal speech, 45 minutes after palate insertion, and 3 hours after palate
insertion. Each of the three participants varied in their adaptation to the palate, yet one
participant showed no perceptual improvement after three hours of wearing the
palate. Results showed that consonant duration changed in all participants wearing the
palate, and spectral features changed with fricative sounds, but not with the stop
consonant /t/. The authors concluded that 2 out of the 3 participants successfully adapted
to the palate.
McFarland, D. H., & Baum, S. R. (1995). Incomplete compensation to articulator perturbation.
Journal of the Acoustical Society of America, 97(3), 1865-1873. doi:10.1121/1.412060
Although the literature on motor equivalence has given strong support for compensatory
articulation, this study aimed to determine whether such accurate, immediate
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compensation was the same for consonant sounds—especially those requiring a precise
articulatory movement. The authors also hypothesized that while immediate articulatory
compensation could be sufficient for intelligibility, it would not be complete, and
compensation should improve with time. Fifteen female subjects participated in the
study by producing vowel sounds in isolation and also voiceless stop and fricative sounds
within the preceding vowel contexts. Data were collected under one free-mandible and
two fixed-mandible conditions using a bite block. Results showed that immediate
compensation was not complete for both vowels and consonants. A second finding was
that compensation improved after a 15-minute adjustment period, but adjustment for
consonants did not yet fully occur, and would likely take more time. These results
remained consistent with theories that allow for sensory feedback in speech motor control
as well as individuality in compensatory abilities.
Miccio, A. W. (1996). A spectral moments analysis of the acquisition of word-initial voiceless
fricatives in children with normal and disordered phonologies. (Unpublished doctoral
dissertation). Indiana University, Bloomington, Indiana.
Spectral moment analysis was conducted on child productions of word initial fricative
sounds in both normally articulating and phonologically disordered children. The
purpose of the acoustic analysis was to understand the acoustic productions of fricative
sounds among typical child speakers, and the acoustic features of fricatives produced by
children who have undergone treatment. Three groups of children were involved in the
study, between the ages 3:6 and 5:10. The first group experienced phonological disorders
regarding fricatives, a second group evidenced normal developmental fricative errors, and
the last group had no errors in fricative articulation. Each group’s articulations were
collected over time and spectral moment analysis was used to find predictors of correct
articulation prior to perceptual evidence emerging. For the children with phonological
disorders, spectral moments were again gathered post-treatment, and acoustic distinctions
had indeed developed.
Morgan Barry, R. A. (1989). EPG from square one: An overview of electropalatography as an
aid to therapy. Clinical Linguistics and Phonetics, 3(1), 81-91.
Electropalatography is a visual feedback device for the treatment of a variety of speech
and articulation disorders. The purpose of this study was to evaluate the effectiveness of
EPG in improving the speech of both children and adults with developmental and
acquired speech disorders. The initial studies involved 17 children over the age of seven,
and 3 adults. Factors for success with EPG therapy included physiological factors,
psychological factors, personal factors, and metalinguistic awareness. Results showed
that children demonstrated significant improvement in the clarity of their speech, and
adults improved somewhat, but with added kinesthetic awareness of their articulation.
The author concluded that EPG therapy would be most efficacious for children whose
primary difficulty is accurate speech segment production.
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Moses, E. R. (1940). A brief history of palatography. The Quarterly Journal of Speech, 26(4),
615-625. doi:10.1080/00335634009380603
The purpose of this article was to provide a general history of the use of palatography.
Palatography had its beginnings in the late nineteenth century as a means of studying the
articulation of speech sounds. Either the palate or tongue would be painted then after
speech production would be examined or photographed for areas where the substance had
been removed by tongue-to-palate contact. Later, plastic pseudopalates were made and
then applied with ink, charcoal, etc. to look at tongue-to-palate contact. The author cited
other research studies that found speech production to be highly variant based on
palatography results.
Nissen, S. L. (2003). An acoustic analysis of voiceless obstruents produced by adults and
typically developing children. (Unpublished doctoral dissertation). The Ohio State
University, Columbus, Ohio.
A group of forty adults and young children, all typical English speakers, participated in
this study which sought to better understand the nature and development of acoustic
parameters of voiceless obstruents. Spectral moment analysis was employed to discover
patterns of acoustic features as factors of age, gender, place of articulation, and vowel
context. Results showed that acoustic parameters of speech did vary systematically as a
function of each of the given factors. It was also concluded that gender related
differences among spectral moment measures were evidenced in child speech. Acoustic
contrasts continued to widen with age, and the author suggested that development and
refinement of articulation continues on through childhood and adolescence.
Nissen, S. L., & Fox, R. A. (2005). Acoustic and spectral characteristics of young children’s
fricative productions: A developmental perspective. Journal of the Acoustical Society of
America, 118(4), 2570-2578. doi:10.1121/1.2010407
Spectral slope and all four spectral moment measures were used to examine the speech of
adults and typically developing children, as well as analyze fricative production for
differences due to gender, age, place of articulation, and vowel context. Participants in
the study included thirty children ages 3 to 6 and a comparison group of ten adults.
Results showed that spectral variance, although often not considered in other studies, was
the only spectral moment measure to correctly classify all four places of fricative
articulation.
Nissen, S. L., & Fox, R. A. (2009). Acoustic and spectral patterns in young children’s stop
consonant productions. The Journal of the Acoustical Society of America, 126(3), 13691378. doi:10.1121/1.3192350
Acoustic patterns were described in the voiceless stop consonant production /p t k/ in
typically developing children and a comparison group of adults. The authors also
investigated the extent to which spectral characteristics and individual amplitude varied
by functions of age, sex, place of articulation, and vowel context. Participants in the
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study were a group of 30 children between the ages of 3 and 5 and a group of 10 adults.
Each participant was recorded saying words with the target phoneme imbedded in the
word initial position followed by a monophthongal vowel. These productions were
elicited using age-appropriate pictures targeting specific words. Spectral moment
measures of slope, mean, and skewness were found to be significant in regard to speaker
sex-by-age interaction effects. The acoustic differences seen in adult speakers were in
part attributed to sexual dimorphism that created variation in both vocal tract length and
size of the vocal folds. Sexual dimorphism was not found to be present in children and
thus the authors suggested that sex-specific acoustic patterns in the speech of young
children were associated with learned or behavioral factors.
Nittrouer, S. (1995). Children learn separate aspects of speech production at different rates:
Evidence from spectral moments. Journal of the Acoustical Society of America, 97(1),
520-530. doi:10.1121/1.412278
The focus of this study was to examine spectral moment properties of stop and fricative
productions to gain information on articulatory distinction as a function of age and
maturation. A secondary goal of the study was to look at age-related differences in
vowel-context effects on spectral moments. Ten adults and thirty children (ten children
in each age group 3, 5, and 7) participated in the study. Participants produced consonantvowel syllables comprised of /s/, /ʃ/, /t/, /k/, and the vowels /ɑ/, /i/, /u/ in response to
pictures. Significant differences in spectral mean were found for childrens’ velar stops,
which showed that children were more sensitive to anticipatory vowel production than
adults. Additionally, adults differentiated fricative consonant sounds more precisely than
children did, which supported the conclusions of the Nittrouer (1989) study. These
differences were thought to be related to other articulatory variances that occur in the
process of speech development. Significant adult vs. child stop consonant differentiation
was not found, from which the authors concluded that some articulatory gestures reach
maturity before others.
Nittrouer, S., Studdert-Kennedy, M., & McGowan, R. S., (1989). The emergence of phonetic
segments: Evidence from the spectral structure of fricative-vowel syllables spoken by
children and adults. Journal of Speech and Hearing Research, 32(1), 120-132.
The development of phonemic organization in children was analyzed and compared to
the phonemic organization in adults. Eight adults and thirty-two children ages 3, 4, 5,
and 7 years participated by producing reduplicated syllables with fricatives /s/ and /ʃ/ in
the syllable-initial position. Spectral analysis was done to determine centroid (spectral
mean) values and second formant frequency for each token. Results showed that fricative
differentiation increased with age and fricative-vowel coarticulation decreased with age.
This supported the authors’ hypothesis that children would contrast phonemic minimal
pairs less clearly than adults, as well as display a greater influence of surrounding
phonetic context. The authors suggested that a child’s phonology is grounded in both
perceptual and motoric constraints, and these skills continue to develop the child’s
lexicon and phonology as late as 7 years of age.
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Sanders, M. C. (2007). Inter- and intra-speaker variability: A palatometric study (Unpublished
master’s thesis). Brigham Young University, Provo, Utah.
The purpose of this study was to examine the variability of articulation within and
between speakers of Standard American English in the hopes of creating a standardized
database of articulation for palatometer use. Twenty speakers participated by saying
VCV syllables with fifteen palatal consonants, and three corner vowels. Significant
variability was found in certain manner, place, and coarticulation contexts. Further
research was recommended to define variability in other coarticulation and
conversational contexts.
Schmidt, A. M. (2007). Evaluating a new clinical palatometry system. Advances in SpeechLanguage Pathology, 9(1), 73-81. doi:10.1080/14417040601123650
The main factor in preventing more widespread use of EPG therapy has been attributed to
the cost of creating individual pseudopalates. A new EPG system by Logometrix
employed a strip of electrodes instead of individually placed electrodes, which
significantly reduced associated costs of time and expense in preparing the pseudopalate.
Thirteen clients between 7-12 years old used this new method to compare it to previous
EPG systems such as the Kay Elemetrics palatometer. Results showed that the
Logometrix system was similarly effective in helping the clients develop appropriate
speech sounds as were other EPG systems.
Stevens, K. N. (1972). The Quantal Nature of Speech: Evidence from articulatory-acoustic data.
In E. E. David, Jr. & P. B. Denes (Eds.), Human communication: A unified view (pp. 5166). New York: McGraw-Hill.
A review of the quantal nature of speech, a theory of the relationship between articulatory
and acoustic data, was presented in this chapter. This theory asserts that while some
changes in articulatory parameters had given rise to large changes in acoustic output,
other such changes in articulation resulted in negligible differences in acoustic features.
The author suspected that the linearity or non-linearity of this relationship may tie back to
the shape of the vocal tract, degree of constriction, or place of articulation. Clearly there
are well defined ranges of acceptable variation for each individual phoneme, some of
these ranges being quite large and others being narrow. Each phoneme has its own
unique acoustic characteristics that ultimately are perceptible to a listener, supporting the
theory that there is a limit to the linearity between articulation and acoustic output.
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Consent to be a Research Subject
Introduction
The purpose of this research is to provide new insight into the manner in which individuals move their tongue to produce speech
sounds. This experiment is being conducted under the supervision of Shawn Nissen, Ph.D., an associate professor in the
Department of Communication Disorders at Brigham Young University. You are invited to participate because you are a native
English speaker with no known history of a speech, language or hearing problem.
Procedures
Participation in this study will involve ten sessions of approximately 1 hour; the first session will involve a hearing screening
administered in a research laboratory in the John Taylor Building at BYU. If you pass the hearing screening you will be asked to
visit a local licensed dental/orthodontic professional to have a dental impression taken of your upper teeth. This impression will
be used to create a sensor similar to an orthodontic retainer that fits over the palate of your mouth. You will then be asked to
participate in eight 1-hour data collection sessions, in which you will be asked to engage in everyday conversation, read a few
paragraphs, as well as a series of English sounds, words, and sentences. You will be asked to participate in these speech tasks
with and without the sensor in place.
Risks/Discomforts
There are no known risks associated with participation in this study. Pseudopalate sensors like the one used in this study have
been used for a number of years in the speech pathology community without any reports of adverse events. The sensor used in
this research is similar to an orthodontic retainer and therefore may cause some minor discomfort to the gums or teeth during use.
In addition, the participant may encounter some minor discomfort when the dental impression (which is used to create the sensor)
is being created. Your speech may sound different with the sensor in place and it may take a period of time for you to become
accustom to speaking with the sensor in your mouth.
Benefits
Each participant will be given a free hearing screening during the study. The results of the screening will be made available upon
request with no charge. It is hoped this study will benefit society by resulting in a more comprehensive understanding of the
physical mechanisms that underlie speech production will ultimately assist clinicians and researchers in developing more
effective models with which to assess and treat communication disorders.
Confidentiality
All data collected will remain confidential and only be reported as group data with no personally identifying information.
Records and files will be kept on password protected computers in a locked laboratory and only those directly involved with the
research will have access to them.
Compensation
You will be paid $100 for your participation in this study, involving approximately 10 hours of your time. If you complete, but
fail to pass the hearing screening, you will receive a pro-rated amount of $10.
Participation
Participation in this research study is voluntary. You have the right to withdraw at any time without jeopardy.
Questions about the Research
If you have questions regarding this study, you may contact Shawn Nissen, Ph.D., at (801) 422-5056 or shawn_nissen@byu.edu.
Questions about your Rights as Research Participants
If you have questions regarding your rights as a research participant, you may contact the BYU IRB Administrator, A-285 ASB,
Brigham Young University, Provo, UT, 84602 or at (801) 422-1461.
I have read and fully understand the consent form. Any questions have been answered to my satisfaction. I give my consent to
participate in this research.
Signature:
Printed Name: ______________________________________________

Date: ___________________

